Background and Aims Adolescents and young adults increasingly view cannabis as a relatively safe drug. Perception of
INTRODUCTION
Cannabis is the most commonly used federally proscribed drug in the United States: 2014 estimates suggest that 22.2 million Americans use cannabis in any given 30-day period [1] . Cannabis is particularly popular among youth, with nearly a quarter of US adolescents aged 13-18 years reporting past 30-day use [2] . While the long-term health effects of cannabis use are an area of active research, the Institute of Medicine recently evaluated existing evidence on the consequences of cannabis use. Their report concludes that there is substantial evidence that cannabis use increases risk for motor vehicle accidents, may contribute to development or exacerbation of schizophrenia and other psychotic disorders among vulnerable individuals, cause respiratory symptoms and increase the frequency of chronic bronchitis episodes and lead to lower birth weight among offspring of mothers who smoke cannabis during pregnancy [3] .
There has been a gradual decline in recent years in the percentage of adolescents and adults who perceive cannabis use as risky. Results from 2002 to 2014 US national surveys show that the proportion of adults who believe that there is at least moderate risk associated with using cannabis once or twice a week decreased from 50.4 to 33.3% [4] . As with other drugs, risk perception has been found consistently to be correlated negatively with cannabis use [5] [6] [7] . This association is often interpreted by drug prevention advocates as being causal and unidirectional; i.e. that decreases in the perception of risk lead to increases in use [8] . The logical implication of this interpretation is that drug prevention programs maintaining high-risk perceptions will lead to a decrease in the prevalence of use [9] .
However, most studies of associations between risk perceptions and cannabis use have relied upon data from cross-sectional surveys, and therefore have not been able to address the potentially reciprocal associations between risk perception and cannabis use. That is, the association between risk perception and use may arise in part because those who do not experience adverse consequences from cannabis use are likely to modify their risk perception. In fact, results from qualitative studies have shown that the perceived risk of cannabis use is reportedly inferred, to a large extent, from individual experience with use [10, 11] . That is, if the experience is generally positive, cannabis is regarded as a low-risk drug. Conversely, if the user experiences negative consequences from his/her use, they are more likely to perceive it as a high-risk behavior and avoid it. Thus, these findings offer a compelling argument for studying whether or not there is a reverse causation between cannabis use and risk perception.
One longitudinal study of 318 participants suggested reciprocal associations: that risk perception was associated with subsequent cannabis use and that cannabis use was associated with subsequent risk perception [12] . However, not all reciprocal associations were significant, and the relatively wide confidence intervals (CIs) precluded comparison of effect magnitudes (i.e. risk perception to use versus use to risk perception). Aside from this relatively small study, there remains a paucity of empirical evidence for the direction of association between these two variables. Hence, in the present report, we describe longitudinal analyses of whether association patterns between risk perception and cannabis use are consistent with the interpretation that risk perception is a cause of cannabis use, whether temporal associations might suggest reverse-causation, or both. To accomplish this, we assembled data from the Monitoring the Future (MTF) longitudinal panel, which consists of a subset of the annual 12th-grade sample who are followed into adulthood. This design allowed us to assemble a large sample of individuals for whom cannabis use and risk perceptions were assessed at multiple timepoints. We estimated a full cross-lagged panel analysis using path analysis of data from the MTF longitudinal panel, enabling us to examine the degree to which risk perception predicts subsequent cannabis use and vice versa.
METHODS

Participants
We used participant data from the MTF longitudinal panel. MTF is an ongoing annual survey of adolescents in 8th, 10th and 12th grades selected to be representative of students throughout the coterminous United States. A three-stage sampling procedure is used for student selection including geographic area, one or more schools within each geographic area and students within each school. Each year, a sample of approximately 2400 participants from the 13 000-19 000 12th-graders participating in the cross-sectional survey is selected for longitudinal follow-up. Those reporting heavy cannabis use or any use of other illicit drugs are selected for the longitudinal panel with higher probability; thus, differential weighting is used for analyses to account for differential sampling probabilities. Students selected for the longitudinal study are asked to complete follow-up surveys every other year after they graduate until approximately 11 or 12 years beyond high school (i.e. aged 29 or 30 years). Half the chosen sample from each cohort is followed on even years and half on odd-numbered years [13, 14] .
We used participant data from panel members who were given the baseline 12th-grade survey in 2000-05 (T0), and included three waves of additional follow-up surveys (T1, T2, T3) until approximately age 23-24 years and who completed survey forms containing questions about both cannabis use and cannabis risk perceptions (weighted n = 9929 panel members).
Measures
Perceptions of regular cannabis use were assessed at baseline and at each follow-up using the question: 'How much do you think people risk harming themselves (physically or in other ways) if they smoke marijuana regularly?'. Likert scales response options included (1) no risk, (2) slight risk, (3) moderate risk or (4) great risk. We used the natural log of this scale for the purposes of analysis in our models described below.
Cannabis use in the past year was assessed at baseline and at each follow-up using the question: 'On how many occasions (if any) have you used marijuana (weed, pot) or hashish (hash, hash oil) during the last 12 months?'. Similarly, cannabis use in the past month was assessed at baseline and at each follow-up with the item: 'On how many occasions (if any) have you used marijuana (weed, pot) or hashish (hash, hash oil) during the last 30 days?'. Response options for both cannabis use items included: no occasions, one to two occasions, three to five occasions, six to nine occasions, 10-19 occasions, 20-39 occasions and 40 or more occasions. These responses were recoded into a continuous scale: no occasions, 1.5 occasions, four occasions, 7.5 occasions, 14.5 occasions, 29.5 occasions and 40 occasions. In the models described below, we used the natural log of this continuous scale (after adding 1 to all values to avoid taking the log of zero, which is not defined).
Demographic characteristics of participants were assessed at baseline, including gender (male/female), race/ethnicity (white/Caucasian, black/African American, Hispanic, Other), age, parents' education level (dichotomized as ≤ high school/≥ some college), number of parents who lived in the home (0, 1, 2) and whether the student lived in a metropolitan statistical area [large metropolitan statistical area (MSA), other MSA, non-MSA].
Statistical analysis
We performed full cross-lagged panel models using path analysis to investigate the lagged associations between cannabis risk perception and cannabis use. This type of model allowed for the examination of whether risk perceptions are associated with subsequent cannabis use or vice versa, assessing both directional hypotheses in the same model [15] . The linear regression model included crosslagged effects of cannabis risk perceptions and cannabis use (i.e. prior observed risk perceptions influence subsequent cannabis use, and prior observed cannabis use influences subsequent risk perceptions) while also incorporating autoregressive effects (i.e. prior observed risk perceptions are associated with subsequent risk perceptions, and prior observed cannabis use are associated with subsequent cannabis use). Risk perception and cannabis use measures were log-transformed and treated as continuous predictors/outcomes in the model. Primary models focused upon past-year cannabis use, with secondary analyses employing past-month use in lieu of past-year use. Models included gender and race as predictors of risk perceptions and cannabis use at baseline. We ran additional models adjusting further for parents' education level, whether the participant lived in a two-parent household and whether the student lived in an MSA area. Results from these models were virtually identical to models adjusting for gender and race; therefore, for brevity, we present models adjusting for gender and race only. In order to contrast the results from our analyses of cannabis use with other substances, we analyzed the data for tobacco and alcohol use in the same sample (see Supporting information).
To examine whether reciprocal trajectories for cannabis use and risk perception differ after initiation of cannabis use, we also conducted the cross-lagged panel analyses on the two subsamples defined by ever having used cannabis at index. For never-users, we omitted the T0 cannabis use term, as there is no variation on this variable. Other than that modification, the model was specified as above.
To determine the relative importance of each type of cross-lagged effect to model fit, we also estimated three other models to compare to the full cross-lagged modeldescribed above: (A) autoregressive effects only, (B) model A plus risk perception predicting subsequent use and (C) model A plus use predicting subsequent risk perception. All models also included demographic characteristics (gender, race) as predictors of risk perceptions and cannabis use at baseline (T0). The fit of the nested models was compared using the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) [16, 17] . These statistics are parsimony-adjusted goodness-of-fit measures and are derived from log-likelihood values with adjustment for the number of parameters in the model. The BIC weights model parsimony more heavily than the AIC and is the preferred statistic for large samples [18] . In addition, each model was compared to the model involving only autoregressive effects using the Satorra-Bentler scaled χ 2 difference test. This test is used commonly in path analysis and structural equations modeling and is a variation of the χ 2 likelihood ratio test that is robust to deviations from normality [19, 20] . SAS version 9.4 for Windows (SAS Institute, Inc., Cary, NC, USA) was used for descriptive statistics, employing survey procedures to apply MTF panel survey weights. MPlus version 7.4 was used for the above-described models of observed variables, and survey weights were applied [20] . The maximum likelihood estimation with robust standard errors (MLR) was used. MLR uses a full information maximum likelihood (FIML) approach, which uses likelihood information from all cases in the sample regardless of whether their data are complete; thus, parameter estimates are based on all available data [20] . Standardized regression coefficients, 95% CIs and P-values are presented.
Although models used all available data, participants who did not have any follow-up data beyond baseline differed from those who did respond to follow-up surveys. Those who did not respond to any follow-up surveys were more likely to have used cannabis in the past year (37.3 versus 32.2%, P < 0.001) or in the past month (23.1 versus 18.1%, P < 0.001) in the 12th grade and to believe that regular cannabis use was not or only slightly risky in the 12th grade (21.9 versus 16.1%, P < 0.001). To address any potential bias for data not missing at random, we additionally ran two types of models as a sensitivity analysis: (a) including only those who had complete data for variables of interest at all time-points and (b) using the Diggle-Kenward selection model, which addresses data not missing at random by including dropout indicators after each time-point that are regressed on the outcome at the prior time-point and the outcome at the current time point [21] . Results from these models are presented in the Supporting information.
RESULTS
Characteristics of participants in the sample are shown in Table 1 and generally reflect the demographic composition of US 12th-graders during the baseline period. Table 2 presents the past-year and past-month cannabis use and risk perceptions for regular cannabis use at baseline (T0) and at each of the three follow-ups (T1, T2, T3) among those in our sample. At baseline in the 12th grade, 33% used cannabis in the past year and 19% used in the past month. By the third follow-up, 28% reported using cannabis in the past year and 15% in the past month. At baseline, 83% believed that smoking cannabis regularly carried moderate to great risk; by the third follow-up, this percentage was 78%. Figure 1 presents results from the cross-lagged model of log-transformed past-year cannabis use and log-transformed risk perceptions, with standardized regression coefficients and standard errors reported; standardized regression coefficients and 95% CIs are enumerated in Table 3 (model A). All cross-lagged paths in both directions were statistically significant (all P < 0.001). Greater belief that regular cannabis use poses risk was associated with lower frequency of cannabis use at subsequent time-points, with standardized coefficients ranging from À0.08 to À0.11. Similarly, greater frequency of past-year cannabis use was associated with decreased belief that regular cannabis use is risky at subsequent time-points; notably, these effects were more than twice as large as the effects of risk perception on use (standardized coefficients ranged from À0.21 to À0.27 and CIs did not overlap with those for risk perception). All autoregressive effects for both cannabis use andx risk perceptions were positive and significant (all P < 0.001). The effects of prior use on subsequent use (coefficients ranged from 0.65 to 0.72) were stronger than the effects of prior risk perceptions on subsequent risk perceptions (coefficients ranged from 0.35 to 0.46), indicating that cannabis use patterns are more stable over time than risk perceptions. Results of models using alternative approaches to missing data differed minimally from those described here (see Supporting information, Table S1 ). Results from a model using frequency of past-month cannabis use rather than past-year use are shown in Table 3 , model B. These results were similar to those when using past-year cannabis use.
Because individuals without prior cannabis use experience may differ from ever-users with respect to the development of risk perception, we also estimated the primary model on the subsample of individuals who had never used cannabis at T0 (omitting cannabis use at T0 as a predictor; see Supporting information, Fig. S1 ). We also estimated the model for those who had used cannabis prior to index. Coefficient estimates from these models are listed in the two right-hand columns of Table 3 . There were few notable differences in the parameters of interest between these two populations. One possible exception is that for ever-users, risk perception at T0 was a relatively weak predictor of use at T1 (β = À0.06, 95% CI = À0.10, À0.02). However, the overall picture was similar to the other analyses: the use to risk perception pathways remained approximately twice as strong as the risk perception to use pathways, and parameter estimates were similar to for the two subsamples.
To examine the relative contribution of each set of cross-lagged effects to the overall model fit, we examined a series of nested models, starting with the most basic model (A) that included autoregressive effects only, followed by a second model (B) which added risk perception at each time-point predicting use at the subsequent timepoint. Model (C) comprised the baseline model (A) with Table 1 Baseline demographic characteristics of participants with at least one follow-up (weighted n = 9929 unless otherwise noted).
Demographic characteristic
Weighted n (%) the addition of use as a predictor of subsequent risk perception; model (D) included both cross-lagged effects (i.e. the model presented in Fig. 1 ). Model fit indices for each of the four models estimated are presented in Table 4 for the model using past-year cannabis use and in Supporting information, Table S2 for past-month cannabis use. Each model was a significantly better fit than the baseline model Tables S3-S6 and Figs S1-S2). For the cigarette model, path coefficients were generally weaker, and risk perception to smoking pathways were not significant at the follow-up time-points. For binge drinking, the two types of reciprocal associations (risk perception to binge drinking and vice-versa) were approximately equal in magnitude.
DISCUSSION
In this study, we explored the reciprocal associations between cannabis use and risk perception in a sample of emerging adults beginning in 12th grade and extending through three bi-annual follow-ups. We found statistically significant negative associations in both directions across all time-points: cannabis use predicted decreased likelihood of perceiving cannabis as risky at the next follow-up, while beliefs about cannabis being risky predicted decreased likelihood of cannabis use at the next time-point. Notably, the effect of use predicting subsequent risk perception was found to be twice as strong as the effect of risk perception predicting use; this observation held even when the sample was restricted to those who had never used cannabis at baseline. For binge drinking, associations were approximately equal in both directions. For cigarette use the associations were weaker overall, but most consistently statistically significant in the use to risk perception paths (see Supporting information). To our knowledge, this is the first large-sample study to examine such reciprocal associations.
Our findings are consistent with other lines of research that suggest that prior experience with cannabis is a component of risk perception formation. Using a qualitative research approach, Wilkinson and colleagues interviewed a Table 3 Cross-lagged models of log-transformed frequency of cannabis use and log-transformed perceptions of risk from regular cannabis use. À0.10 (À0.12, À0.07) À0.09 (À0.12, À0.06) À0.10 (À0.14, À0.05) À0.11 (À0.14, À0.07)
Model results
Model
All P < 0.001 unless otherwise indicated; *P ≤ 0.05; **P < 0.01; a Not significant P > 0.05. b Because T0 cannabis use was omitted from model C, T1 use was regressed on demographic variables. CI = confidence interval.
group of 31 veterans treated for substance use disorders (including cannabis use disorder) about their attitudes toward cannabis. Semi-structured interviews revealed that these participants emphasized the role of individual experience on the formation of cannabis risk perception [11] .
Other factors, such as information-based programs, medical professionals and the popular media, seem to bear less influence on attitude formation. Most participants reported a positive experience of cannabis use, with limited behavioral effects, and generally did not believe that cannabis was addicting. Furthermore, they were skeptical about other users having negative experiences with cannabis. Users who experienced negative effects as a result, such as interpersonal and social problems as well as poorer occupational performance, were more likely to perceive cannabis use as risky. In both groups, however, respondents believed that their experience shaped risk perception rather than vice versa. Similarly, another study of current and excannabis users used a qualitative inductive approach to find that users infer the particular risk-benefit ratio of the drug primarily from direct experience with using it, whereas prior to initiation factors such as peer attitudes, prevention programs and media messages are relevant [10] . These findings reinforce the idea that, at least among those who have initiated cannabis use, risk perception is shaped substantially by the quality of individual experiences with cannabis.
Perceptions of harm may be weighted heavily by immediate and/or short-term favorable effects of the drug, as opposed to slowly developing long-term harmful effects such as dependence [22, 23] . Cannabis users are probably aware of studies of expert opinion comparing harms associated with cannabis use with those from other licit and illicit drugs. Results of these studies, which were publicized widely on the internet and in lay media, placed cannabis relatively low on the harm spectrum-much lower than alcohol, which was viewed as the most harmful drug across a spectrum of personal and social consequences [24, 25] . In light of these observations, it is important to consider whether prevention messages that solely emphasize the long-term harms associated with cannabis are sufficient to change the behavior of those who have initiated use and may be skeptical of such messages. Our results are consistent with a trajectory in cannabis which leads to lower perceptions of harm, potentially creating a disconnect between a user's risk perception and information communicated in public health campaigns. Although there is still much to be learned about the formation of risk-perception, it seems that more research is needed on how receptive are users at various stages of cannabis use to prevention messages that are aimed primarily altering users' perception of cannabisrelated harms.
Our findings also confirm that higher risk perception is associated with lower risk of subsequent use, and so interventional efforts in the form of awareness campaigns still constitute a reasonable strategy for primary prevention. However, as has been emphasized elsewhere, it is important that such programs provide balanced and up-to-date evidence-based material for risks associated with cannabis use, with accurate severities and probabilities of occurrence and without exaggerated risks [26] .
The results of our study must be interpreted within the context of certain limitations. First, our cohort did not include adolescents younger than the age of 18 years. This limited our ability to examine the changes in risk perception and cannabis use as a function of age-specific developmental stages. Therefore, the results shown here may not be generalizable to younger age groups. Secondly, the data from the MTF panel captures only general risk perception without accounting specifically for perceived risk on oneself. The two variables may sometimes diverge when a user, while being well informed about the general risks attributed to the drug, does not appreciate these same risks onto oneself. Attrition between index and follow-up results in a non-random sample; however, results differed little across 
CONCLUSION
Results from the present study indicate a bidirectional association between risk perception and future cannabis use and vice versa, with a stronger association between cannabis use and lower subsequent risk perception. The degree to which experience with cannabis use may influence risk perception should be considered when interpreting trends in risk perception. It may also be important for prevention scientists to consider the degree to which risk perception may be influenced by prior use rather than by public health messaging, and whether prevention messages that emphasize cannabis-related harms may have differential effects on those who have initiated use versus those who have not. 
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Table S1 Sensitivity analysis for cross-lagged models of logtransformed frequency of past-month cannabis use and log-transformed perceptions of risk from regular cannabis use. Figure S1 Cross-lagged model of log-transformed frequency of cannabis use in the past year and log-transformed perceptions of risk from cannabis use among participants who had never used cannabis prior to index. Standardized regression coefficients and (standard errors) are shown. Figure S2 Cross-lagged model of log-transformed frequency of cigarette smoking in the past 30 days and log-transformed perceptions of risk from cigarette smoking. Standardized regression coefficients and (standard errors) are shown. Figure S3 Cross-lagged model of log-transformed frequency of binge drinking in the past 2 weeks and log-transformed perceptions of risk from binge drinking. Standardized regression coefficients and (standard errors) are shown.
